1. Introduction {#sec1}
===============

Laccases (EC 1.10.3.2) or para-bezenediol: dioxygen oxidoreductases are monomeric multicopper enzymes \[[@bib1]\], with an approximate molecular weight of 60--70 kDa \[[@bib2]\]. They belong to a group of lignolytic enzymes that have the capacity to oxidize phenolic compounds and similar substrates, in addition to reducing simultaneously molecular O~2~ to H~2~O \[[@bib3]\]. Because of laccases low specificity for their substrates \[[@bib4]\], they are used in a great number of biotechnological applications; such as delignification of cellulose pulp, treatment of black liquor residue of cellulose pulping, degradation of aromatic polycyclic hydrocarbons, independent and simultaneous bioconversion of low density plastic and lignocellulosic material, soil bioremediation, wastewater treatment, discoloration and detoxification of industrial dyes, manufacture and synthesis of food processing material \[[@bib5], [@bib6], [@bib7], [@bib8], [@bib9], [@bib10], [@bib11], [@bib12]\].

Different white rot fungi such as *Pleurotus ostreatus*, *Trametes versicolor*, *Rigidoporus lignosus*, *Trametes villosa*, *Rhizoctonia solani* and *Ganoderma lucidum* \[[@bib3], [@bib13]\] have been reported to produce laccase. Specifically, *P. ostreatus* produces 11 types of laccases (isoenzymes) \[[@bib3]\], of which POXA 1B has been widely studied for its great stability at alkaline pH and enzyme activity \[[@bib14], [@bib15]\]. However, enzyme production from the native organism is not sufficient to meet industrial demand, based fundamentally on fungi prolonged culture time \[[@bib16]\].

Heterologous laccase production in hosts such as *Trichoderma reesei* \[[@bib17]\], *Pichia methanolica* \[[@bib18]\], *Yarrowia lipolytica* \[[@bib19]\], *Saccharomyces cerevisiae* \[[@bib20]\] and *Pichia pastoris* \[[@bib15]\] has been a strategy to comply with industrial demands, due to achieved overexpressions through recombinant DNA technologies \[[@bib21]\]. Never the less, among various heterologous hosts, *Pichia pastoris* a methylotrophic yeast, is known for recombinant protein production because of its robust secretion system, favouring protein processing \[[@bib22]\]. Moreover, this yeast can reach high cell densities \[[@bib23]\], it can be easily manipulated in the lab, expresses high levels of extracellular proteins and performs characteristic post-translational modifications of eukaryotes, such as glycosylations and disulfide bond formation, among others \[[@bib24], [@bib25]\].

Recombinant protein expression in *P. pastoris* is influenced by factors such as pH, temperature, media composition \[[@bib26]\] and the promoter used for the genetic construction \[[@bib27]\]. *P. pastoris* can grow in chemically defined basic media \[[@bib25]\] and in complex media with biosynthetic precursors that can be catalyzed into various anabolic pathways, decreasing the need to produce it, which economizes metabolic energy and efficiency in the production of enzymes \[[@bib28], [@bib29]\]. For the design of culture media, it is necessary to know the nutritional requirements of the microorganism to be cultured \[[@bib30]\], as well as the nutritional value for each component \[[@bib31]\], for which different design methodologies and optimization of culture media have been employed. It is known that approximately 28 % of operation costs correspond to raw material \[[@bib32], [@bib33]\]. Therefore, research has been carried out with low cost media and it has been demonstrated that industrial grade compounds increases yields, productivities and enzyme production \[[@bib27], [@bib34]\].

Previous to this study, our group cloned *P. ostreatus* POXA 1B in *P. pastoris* \[[@bib15]\] with an enzyme activity of 451.08 ± 6.46 UL^−1^ at 158 h, at shake flask scale in YPD media (2 % (w/v) D-glucose, 2 % (w/v) peptone, 1 % (w/v) yeast extract). Following the media was statistically improved (10 gL^-1^ D-glucose, 20 gL^-1^ peptone, 15 gL^-1^ yeast extract, 0.16 gL^-1^ CuSO~4~, 2.67 gL^-1^ (NH~4~)~2~SO~4~), obtaining at 168 h a laccase activity of 1,343.52 ± 40.30 UL^−1^ at shake-flask scale. Improved media was then assayed at 10 L bioreactor (with 6 L of working effective volume WEV) obtaining 3159.93 ± 498.90 UL^−1^ at 192 h \[[@bib35]\]. Therefore, the objective of this work was to design and statistically optimize a low cost culture media that increased *Pleurotus ostreatus* rPOXA 1B activity in *P. pastoris*.

2. Materials and methods {#sec2}
========================

2.1. Strain {#sec2.1}
-----------

*P. pastoris* X33/*pGAPZαA-LaccPost-Stop* strain containing the optimized synthetic gene coding for laccase POXA 1B under the control of the constitutive promoter of glyceraldehyde-3-phosphate dehydrogenase (*pGAP*) (E.C. 1.2.1.12), was used \[[@bib15]\]. The microorganism is stored in YPD broth, supplemented with glycerol at 20 % (w/v) at -30 °C at the Working Cell Bank (WCB) \[[@bib36]\], of Molecular Biotechnolgy Laboratory from the "*Grupo de Biotecnología Ambiental e Industrial (GBAI), Departamento de Microbiología, Facultad de Ciencias, Pontificia Universidad Javeriana, Bogotá, D.C., Colombia*".

2.2. Strain reactivation and inoculum preparation {#sec2.2}
-------------------------------------------------

*P. pastoris* X33/*pGAPZαA-LaccPost-Stop* vials were recovered from the WCB and inoculated into a 50 mL Erlenmeyer flask containing 5 mL YPD broth and incubated for 24 h at 200 r.p.m., and 30 °C. Once the strain was re-activated the inoculum was prepared in previously improved media (10 gL^-1^ D-glucose, 20 gL^-1^ peptone, 15 gL^-1^ yeast extract, 0.16 gL^-1^ CuSO~4~, 2.67 gL^-1^ (NH~4~)~2~SO~4~) \[[@bib35]\], incubated at 200 rpm and 30 °C until a minimal optical density reading of 1.00 at 600 nm (OD~λ600~) was reached. Assays performed in 250 mL Erlenmeyer flasks containing 150 mL effective work volume (EWV) were inoculated with 10 % (v/v) inoculum.

2.3. Low cost nitrogen sources {#sec2.3}
------------------------------

Three inexpensive nitrogen sources at different concentrations were selected by cost for evaluation: isolated soy protein (90 %), (Ciacomeq SAS), malt extract (Proquímicas JG SAS) and powdered milk (ChemiPharma) ([Table 1](#tbl1){ref-type="table"}, Supplementary Materials 1, 2 and 3). Taking into account nitrogen organic sources concentration was 35 gL^-1^ (20 gL^-1^ peptones, 15 gL^-1^ yeast extract) in previously improved media \[[@bib35]\]; nitrogen sources for each treatment to be evaluated were adjusted to 35 gL^-1^. Each treatment was performed in triplicate in 250 mL Erlenmeyer flask containing 10 % (v/v) inoculum with WEV of 150 mL at 30 °C, for 168 h. Previously improved culture media was used as control \[[@bib35]\]. Samples were collected at 0 and 168 h of culture and centrifuged for 10 min at 4,427 x *g* and 25 °C. Laccase activity (UL^−1^) was determined from supernatant \[[@bib37]\].Table 1Media composition with different nitrogen sources.Table 1TreatmentCarbon source/(gL^−1^)Organic sources of nitrogen/(gL^−1^)Inorganic sources of nitrogen/(gL^−1^)Cofactor/(gL^−1^)Other (gL^−1^)ControlGlucose/(10)Peptone/(20) Yeast extract/(15)(NH~4~)~2~SO~4~/(2.67)CuSO~4~/(0.16)Chloramphenicol (0.1)T1D-Glucose USP/(10)Isolated soy protein/(20)Malt extract/(15)T2Isolated soy protein/(35)T3Milk serum/(20)Malt extract/(15)

For statistical analysis one factor ANOVA was employed, followed by a Tukey *post-hoc* test to evaluate significant differences among treatments at 168 h of culture. Normal distribution of the response variable (enzyme activity in UL^−1^) was previously verified using Kolmogorov-Smirnov test and variance homogeneity through Levene test. Statistical analysis was performed using SPSS Statistics® V. 21.0. (IBM).

2.4. Response surface methodology (RSM) for low cost culture media design {#sec2.4}
-------------------------------------------------------------------------

### 2.4.1. Central composite Design-1 (CCD-1) {#sec2.4.1}

To determine optimal concentrations for each pre-selected factor a first Central Composite Design-1 (CCD-1) was performed including a Central point (assay in triplicate) and two axial points (-1.5 and 1.5); axial points were calculated using a rotatable alpha (k = 2). Factors and levels included in the CCD-1 are illustrated in [Table 2](#tbl2){ref-type="table"}. Each treatment was performed in 250 mL Erlenmeyer flask with a 150 mL WEV, 10 % (v/v) inoculum incubated at 200 r.p.m., at 30 °C for 168 h. 2 mL of sample were collected at 0, 12, 72 and 168 h of culture and centrifuged at 4,427 x *g* and 25 °C. Residual reducing sugars (gL^−1^) \[[@bib38]\], were measured in the supernatant, as well as laccase activity (UL^−1^) \[[@bib37]\], and total protein concentration (mg mL^−1^), \[[@bib39]\]. Enzyme activity (UL^−1^) and specific activity (Umg^−1^) were used as response variables at 72 and 168 h of culture.Table 2CCD-1 composition, evaluated factors and their respective levels.Table 2FactorLevel-1.5-1Central Point11.5Glucose USP (gL^−1^)-0.05[∗∗](#tbl2fnlowastlowast){ref-type="table-fn"}3.36.6510.013.35Isolated soy protein (gL^−1^)5.010.015.020.025.0Malt extract (gL^−1^)3.57.010.514.017.5(NH~4~)~2~SO~4~ (gL^−1^)1.32.63.95.26.5CuSO~4~ (gL^−1^)[∗](#tbl2fnlowast){ref-type="table-fn"}0.16Chloramphenicol (gL^−1^)[∗](#tbl2fnlowast){ref-type="table-fn"}0.1[^2][^3]

### 2.4.2. Central composite Design-2 (CCD-2) {#sec2.4.2}

To adjust the concentrations of significant CCD-1 factors a second Central Composite Design-2 (CCD-2) was performed including one central point, assayed in triplicate and two axial points (-1.5 and 1.5) that were evaluated in triplicate for 27 experiments; axial points were calculated using a rotatable alpha (k = 1.4142). Composition of each treatment proposed for this design is illustrated in [Table 3](#tbl3){ref-type="table"}. Assay conditions, sampling and response variables were similar to CCD-1.Table 3CCD-2 composition, evaluated factors and their respective levels.Table 3FactorLevel-1.5-1Central Point11.5D-Glucose USP (gL^−1^)7.910.015.020.022.1Isolated soy protein (gL^−1^)15.920.030.040.044.1Malt extract (gL^−1^)[∗∗](#tbl3fnlowastlowast){ref-type="table-fn"}11.74(NH~4~)~2~SO~4~ (gL^−1^)[∗∗](#tbl3fnlowastlowast){ref-type="table-fn"}4.91CuSO~4~ (gL^−1^)[∗](#tbl3fnlowast){ref-type="table-fn"}0.161Chloramphenicol (gL^−1^)[∗](#tbl3fnlowast){ref-type="table-fn"}0.1[^4][^5]

### 2.4.3. One Factor Experimental design (OFED) {#sec2.4.3}

For this design, isolated soy protein, the significant factor in CCD-2, was taken into account. A cubic model between 20 gL^-1^ and 80 gL^-1^ (-1 and +1 respectively) was used and provided 5 central points for a total of 10 treatments (combinations with 20, 50 and 80 gL^-1^) performed in duplicates. In this design, the factor Glucose (20 gL^-1^) remained unchanged as established in CCD-2 ([Table 4](#tbl4){ref-type="table"}). Assay conditions, sampling and response variables were similar to CCD-1 and CDD-2.Table 4OFED composition, evaluated factors and their respective levels.Table 4FactorLevels-1Central Points1Isolated soy protein (gL^−1^)20.0030.0240.0150.0059.9969.9880.00Glucose USP (gL^−1^)[∗∗∗](#tbl4fnlowastlowastlowast){ref-type="table-fn"}20Malt extract (gL^−1^)[∗∗](#tbl4fnlowastlowast){ref-type="table-fn"}11.74(NH~4~)~2~SO~4~ (gL^−1^)[∗∗](#tbl4fnlowastlowast){ref-type="table-fn"}4.91CuSO~4~ (gL^−1^)[∗](#tbl4fnlowast){ref-type="table-fn"}0.16Chloramphenicol (gL^−1^)[∗](#tbl4fnlowast){ref-type="table-fn"}0.1[^6][^7][^8]

### 2.4.4. CCD-1, CCD-2 and OFED statistical analyses {#sec2.4.4}

Factorial designs statistical analyses were performed using Design Expert® V9.0. Response variable normal distribution was evaluated using Kolmogorov-Smirnov test and variance homogeneity using Levene test.

2.5. Analytical techniques {#sec2.5}
--------------------------

### 2.5.1. Residual reducing sugar determination {#sec2.5.1}

Reducing sugar concentration obtained from sample supernatant was determined by 3,5-dinitrosalicylic acid assay (DNS), \[[@bib38]\]. Standard curve was calculated from [Eq. (1)](#fd1){ref-type="disp-formula"}.$$y = 0.5609x + 0.0001\mspace{9mu} R^{2} = 0.9992$$

### 2.5.2. Enzyme activity assay {#sec2.5.2}

Laccase enzyme activity was performed using ABTS (2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) as substrate. In a spectrophotometric cuvette 100 μL of 20 mM ABTS was added in addition to centrifuged supernatant (from 2 to 20 μL, depending on the amount of enzyme present in the sample) to complete a volume of 1 mL with 0.1 M (pH 3.0 ± 0.2) citrate buffer. Absorbance change for 1 min at 420 nm was measured as resulting from ABTS oxidation \[[@bib37]\]. One unit of enzyme (U) is defined as the quantity of enzyme capable of transforming 1 μmol ABTS substrate per minute, per liter, and was calculated based on the following equation:$$UL^{- 1} = \frac{\left( {\Delta E \times V_{t}} \right)}{\left( {\varepsilon \times d \times V_{s}} \right)}$$Where: *ΔE* corresponds to final absorbance minus initial absorbance during 1 min of reaction, *V*~*t*~ total volume used in the reaction, *ε* ABTS molar extinction coefficient (M^−1^ cm^−1^) at 420 nm, *d* cuvette diameter in cm and *V*~*s*~ sample volume (enzyme) added to the reaction \[[@bib39]\].

### 2.5.3. Total protein determination {#sec2.5.3}

Total protein concentration determination for each sample was obtained from direct absorbance at 280 nm using UV-Vis NanoDrop 2000 (Thermo Scientific) spectrophotometer \[[@bib40]\].

### 2.5.4. Total carbon (TC, gL^−1^), total nitrogen (TN, gL^−1^) and initial carbon/nitrogen ratio (C/N)~0~ determination {#sec2.5.4}

Total organic carbon (TOC) analyzer, Shimadzu (TOC-L) was used to measure both TC and TN concentrations, this device develops a unique method of catalytic combustion oxidation and NDIR, according to Standard Method 5310B \[[@bib41]\]. Standard solutions (0.1 gL^-1^) of each media components (separately) were prepared and then analyzed in the TOC device. Once TC and TN concentrations were detected, stoichiometric calculations were performed to determine the concentration in each culture medium (gL^−1^) and the initial (C/N)~0~ ratio.

### 2.5.5. Raw material cost analysis {#sec2.5.5}

Raw material costs employed for optimized low-cost media formulation were calculated, including 10 % contingencies and 19 % sales tax (VAT rate) at present for Colombia.

3. Results {#sec3}
==========

3.1. Selection of low-cost nitrogen sources {#sec3.1}
-------------------------------------------

Treatments generated two groups which were significantly different (p \< 0.001) in regard to laccase activity at 168 h of culture ([Figure 1](#fig1){ref-type="fig"}). Control media was not included in mean comparison and had a laccase activity of 5,583.33 ± 324.14 UL^−1^. Treatments T3 and T1 had maximal laccase activities of 2,636.57 ± 402.1 UL^−1^ and 2,645.83 ± 208.7 UL^−1^, respectively (group **a** mean comparison), with no significant differences (p \> 0.05). Moreover, laccase activity for T2 (958.33 ± 158.11 UL^−1^), (group **b**), was considerably lower. Treatment T1 was the selected media for statistical optimization (10 gL^-1^ D-glucose USP, 20 gL^-1^ isolated soy protein, 15 gL^-1^ malt extract, 2.67 gL^-1^ (NH~4~)~2~SO~4~ and 0.16 gL^-1^ CuSO~4~.Figure 1Laccase activity (UL−1) mean comparison obtained from different treatments. Each bar corresponds to laccase activity at 168 h of culture (mean of *n* = 3). An *α* = 0.05 was used.Figure 1

3.2. Central composite Design-1 (CCD-1) {#sec3.2}
---------------------------------------

In CCD-1 quadratic model was significant at 72 h for the enzyme activity (UL^−1^) and specific enzyme activity (Umg^−1^); whereas at 168 h the lineal model was significant ([Table 5](#tbl5){ref-type="table"}). However, despite R-Squared values were low it was decided to continue working with specific activity (Umg^−1^) at 72 for having the least significant lack of fit and the second highest R-Squared.Table 5CCD-1 ANOVA result analysis.Table 5Response variableSourceSum of SquaresdfMean SquareF-Valuep-value Prob \> FR-SquaredEnz. Act. (UL^−1^) 72hQuadratic Model1.98E+07141.42E+063.260.0235[∗](#tbl5fnlowast){ref-type="table-fn"}0.7917Lack of Fit5.12E+06105.12E+0510.780.0878Enz. Act. (UL^−1^) 168hLinear Model1.05E+0742.64E+064.770.0063[∗](#tbl5fnlowast){ref-type="table-fn"}0.4645Lack of Fit1.05E+07205.26E+050.640.7645Spec. Act. (Umg^−1^) 72hQuadratic Model1.84E+05141.31E+042.940.0345[∗](#tbl5fnlowast){ref-type="table-fn"}0.7740Lack of Fit4.59E+04104.59E+031.180.5418Spec. Act. (Umg^−1^) 168hLinear Model7.56E+0441.89E+044.650.0072[∗](#tbl5fnlowast){ref-type="table-fn"}0.4580Lack of Fit8.54E+04204.27E+032.100.3722[^9]

For both response variables (enzyme activity and specific enzyme activity) at both selected hours (72 or 168 h) and both models (quadratic and lineal), the factors isolated soy protein and glucose were significant between 89 and 99% ([Table 6](#tbl6){ref-type="table"}). For the rest of the factors and their combinations and squares in the quadratic model was below 85%. Interaction prediction of the two most significant variables (D-glucose USP and isolated soy protein) on specific activity (Umg^−1^) and laccase activity (UL^−1^) at 72 and 168 h, respectively is illustrated in [Figure 2](#fig2){ref-type="fig"}. It was observed; augmented response variable resulted from simultaneous glucose and isolated soy protein concentration, increase.Table 6CCD-1 quadratic model individual factor significance, duplicates and combined (Response variable: specific activity at 72 h de culture).Table 6Spec. Act. (UL^−1^) 72 hSourceSum ofdfMeanFp-valueSquaresSquareValueProb \> FQuadratic Model1.84E+05141.31E+042.940.0345[∗](#tbl6fnlowast){ref-type="table-fn"}A-Glucose1.35E+0411.35E+043.020.1078[∗∗∗](#tbl6fnlowastlowastlowast){ref-type="table-fn"}B- isolated soy protein2.54E+0412.54E+045.680.0346[∗](#tbl6fnlowast){ref-type="table-fn"}C-Malt extract6.59E+0216.59E+020.150.7076D-(NH~4~)~2~SO~4~1.30E+0411.30E+042.910.1140[∗∗∗](#tbl6fnlowastlowastlowast){ref-type="table-fn"}AB1.75E+0411.75E+043.910.0715[∗∗](#tbl6fnlowastlowast){ref-type="table-fn"}AC1.07E+0411.07E+042.400.1473AD3.71E+0313.71E+030.830.3800BC2.81E+0212.81E+020.060.8063BD9.04E+0219.04E+020.200.6608CD1.19E+0211.19E+020.030.8729A^2^8.49E+0418.49E+0419.000.0009[∗](#tbl6fnlowast){ref-type="table-fn"}B^2^1.16E+0211.16E+020.030.8746C^2^9.22E+0119.22E+010.020.8882D^2^3.10E+0313.10E+030.690.4209Residual5.36E+04124.47E+03Lack of Fit4.59E+04104.59E+031.180.5418Pure Error7.75E+0323.87E+03Cor Total2.37E+0526R-Squared0.7740Adj R-Squared0.5104Adeq Precision7.2192[^10][^11][^12]Figure 2CCD-1 contour graph. Effect of factor interaction between glucose (A) and isolated soy protein (B) on laccase activity (top) and specific activity (bottom).Figure 2

CCD-1 results at 72 h demonstrated the need to vary glucose USP and isolated soy protein concentrations ([Table 6](#tbl6){ref-type="table"}, [Figure 2](#fig2){ref-type="fig"}). To this end, for CCD-2 malt extract was defined at 11.74 gL^-1^ and ammonium sulphate at 4.91 gL^-1^ (CCD-1 optimal predicted concentrations, instead of including them as CCD-2 factors). However, to obtain an ampler surface navigation than that initially proposed in CCD-1 glucose USP (9.53 gL^-1^) and isolated soy protein (19.25 gL^-1^) concentrations had to be included in the increased range of CCD-2 concentrations ([Table 3](#tbl3){ref-type="table"}). This design highlighted T22 treatment, whose (C/N)~0~ ratio was 6.0 ± 0.03 ([Figure 3](#fig3){ref-type="fig"}, Supplementary Material 4) with an enzyme activity of 4,743.05 ± 29.46 UL^−1^ at 72 h. However, at 168 h laccase activity decreased to 3,569.44 ± 96.23 UL^−1^. This same behavior was also observed with obtained specific activity, which decreased from 471.32 ± 3.37 Umg^−1^ at 72h to 332.81 ± 9.11 Umg^−1^ at 168 h. On the other hand, reducing sugar concentrations considerably decreased during the first 12 h from 12.99 to 3.11 gL^-1^. However, there was no total consumption at 168 h, with approximately 3 gL^-1^ residual sugar concentration at 168 h ([Figure 3](#fig3){ref-type="fig"}).Figure 3rPOXA 1B production kinetics. Central Composite Design-1 (CCD-1) for treatment T22.Figure 3

3.3. Central composite Design-2 (CCD-2) {#sec3.3}
---------------------------------------

Enzyme activity and specific activity in the CCD-2 quadratic model was significant at 72 h and 168 h. However, lack of fit was significant for enzyme activity at 72 h, but not for specific activity at 168 h ([Table 7](#tbl7){ref-type="table"}, Supplementary Material 6). Therefore, the remaining of the analysis was based on specific activity (Umg^−1^) response variable.Table 7CCD-2 ANOVA result analysis for specific activity (Umg^−1^) at 168 h.Table 7SourceSum ofdfMeanFp-valueSquaresSquareValueProb \> FQuadratic Model1.E+0652.E+0580.49**\< 0.0001**A-Glucose6.E+0516.E+05240.24**\< 0.0001**B-Isolated soy protein3.E+0513.E+05111.96**\< 0.0001**AB8.E+0418.E+0434.24**\< 0.0001**A^2^2.E+0212.E+020.080.7841B^2^3.E+0413.E+0410.61**0.0038**Residual5.E+04212.E+03Lack of Fit1.E+0434.E+031.890.1677Pure Error4.E+04182.E+03Cor Total1.E+0626R-Squared0.9504Adj R-Squared0.9386Pred R-Squared0.9193Adeq Precision23.496[^13]

Both factors glucose and isolated soy protein had a positive influence on specific activity and laccase activity. As factor concentration was augmented response variables also increased ([Figure 4](#fig4){ref-type="fig"}).Figure 4CCD-2 contour graph. Effect of factor interaction between glucose (A) and isolated soy protein (B) on laccase activity (top) and specific activity (bottom).Figure 4

To obtain a laccase activity of 9,985.9 UL^−1^ and a specific activity of 1,137.8 Umg^−1^ ([Figure 4](#fig4){ref-type="fig"}) according to the model glucose optimal concentration had to be 20 gL^-1^ and isolated soy protein 39.87 gL^-1^. Nonetheless, increasing isolated soy protein could improve activity results further ([Figure 5](#fig5){ref-type="fig"}, [Table 7](#tbl7){ref-type="table"}). Isolated soy protein (Factor B^2^) was significant for the model (p = 0.0038) as depicted in [Table 7](#tbl7){ref-type="table"}. Moreover, interaction between factors AB was significant (p \< 0.0001) although A^2^ was not (p = 0.7841). Therefore, in an attempt to optimize isolated soy protein concentration a One Factor Design was implemented.Figure 5rPOXA 1B production kinetics. Central Composite Design-1 (CCD-2) for treatment T9.Figure 5

This design highlighted T9 treatment, whose (C/N)~0~ ratio was 6.7 ± 0.02 ([Figure 5](#fig5){ref-type="fig"}) with obtained higher laccase activity and specific activity (Supplementary Material 5), at 72 h (6,608.80 ± 62.20 UL^−1^ and 725.21 ± 14.41 Umg^−1^), as well as 168 h with 8,944.44 ± 330.28 UL^−1^ and 971.92 ± 17.61 Umg^−1^. Results demonstrate CCD-2 exceeded T22 (CCD-1) for both sampling time (72 and 168 h). Again, during the first 12 h a decrease in reducing sugars was observed, although not completely with approximately 5 gL^-1^ residual sugars maintained until 168 h.

3.4. One Factor Experimental design (OFED) {#sec3.4}
------------------------------------------

In this design the cubic model was significant (p \< 0.0001) at 168 h of culture ([Table 8](#tbl8){ref-type="table"}) and treatment T4 with a (C/N)~0~ ratio of 5.4 ± 0.03 and 50 gL^-1^ isolated soy protein demonstrated the highest enzyme activity (12,877.31 ± 481.23 UL^−1^) and the highest specific activity (1,324.58 ± 114.19 Umg^−1^) at 168 h ([Figure 6](#fig6){ref-type="fig"}A), slightly exceeding model prediction which was 12,536.1 UL^−1^ with a desirability of 0.914 at 168 h ([Figure 6](#fig6){ref-type="fig"}B).Table 8OFED ANOVA result analysis for enzyme activity (U L^−1^) at 168 h.Table 8SourceSum ofdfMeanFp-valueSquaresSquareValueProb \> FModel Cubic7.39E+073.002.46E+0784.75**\<0.0001**A-isolated soy protein6.331.006.330.000.9964Aˆ23.22E+071.003.22E+07110.88**\<0.0001**Aˆ33.55E+061.003.55E+0612.21**0.0129**Residual1.74E+066.002.91E+05Lack of Fit1.30E+063.004.33E+052.920.2014Pure Error4.46E+053.001.49E+05Cor Total7.57E+079.00R-Squared0.9769Adj R-Squared0.9654Pred R-Squared0.9394Adeq Precision21.6448[^14]Figure 6One Factor Design kinetics and prediction. A. rPOXA 1B production kinetics. B. One Factor design prediction.Figure 6

3.5. Raw material cost analysis {#sec3.5}
-------------------------------

Optimized low cost culture media had a cost of \$ 1,227 USD/litre, which represents close to 89.84 % less in comparison with previously improved media (\$12,084 USD/litre). Cost analysis is shown in [Table 9](#tbl9){ref-type="table"} including 10 % contingencies and 19 % sales tax at present for Colombia \[[@bib42]\].Table 9Media cost comparison between previously improved media \[[@bib35]\] vs. low cost optimized media.Table 9Previously improved mediaLow cost optimized mediaReference\[[@bib35]\]ReferencePresent studyComponent(g L^−1^) o LCost/L (USD)Component(g L^−1^) o LCost/L (USD)Glucose (Merck)10\$ 0.640Glucose USP (ChemiPharma)20\$ 0.037Peptone (Oxoid)20\$ 6.740Isolated soy protein (Ciacomeq SAS)50\$ 0.200Yeast extract (Oxoid)15\$ 1.485Malt extract (Proquímicas JG SAS)10.28\$ 0.063CuSO~4~ (Scharlau)0.16\$ 0.077CuSO~4~ (Scharlau)0.16\$ 0.077(NH~4~)~2~SO~4~ (Merck)2.6\$ 0.240(NH~4~)~2~SO~4~ (Merck)4.91\$ 0.389Chloramphenicol (SIGMA)0.1\$ 0.184Chloramphenicol (SIGMA)0.1\$ 0.184H~2~O for dilution[∗](#tbl9fnlowast){ref-type="table-fn"}1\$ 0.001H~2~O for dilution[∗](#tbl9fnlowast){ref-type="table-fn"}1\$ 0.001Total\$ 9.367Total\$ 0.95110 % contingencies\$ 0.93710 % contingencies\$ 0.09519 % sales tax\$ 1.78019 % sales tax\$ 0.181Grand total\$ 12,084Grand total\$ 1.227U L^−1^ (168 h, 0.15 L)1,373.72 ± 0.37U L^−1^ (168 h, 0.15 L)12,877.31 ± 481.23[^15]

4. Discussion {#sec4}
=============

*P. pastoris* is a widely used host for expression of recombinant proteins. Culture media optimization design has been very successful with other organisms; however, it has not been widely explored for *P. pastoris*. In general, chemically defined media are the most used for recombinant protein production in *P. pastoris,* subjecting the microorganism to synthesize required metabolic intermediates, usually implying a slower growth decreasing recombinant protein expression due to metabolic burden \[[@bib31], [@bib44]\]. Hence, chemically defined media increase costs, and not always increasing primary and secondary metabolite production \[[@bib31]\].

4.1. Low cost nitrogen source selection {#sec4.1}
---------------------------------------

It was observed enzyme activity was much lower when, isolated soy protein (90 %) was used as the only source of organic nitrogen source in culture media (T2, statistical group b), in comparison with T1 and T3 treatments, which were similar (statistical group a) ([Figure 1](#fig1){ref-type="fig"}). However, none of the proposed treatments exceeded control culture media enzyme activity.

Treatments T1 and T3, with higher enzyme activities, had in common malt extract as the organic source of nitrogen with 2.71 % w/w protein and 77.34 % w/w reducing sugars such as maltose, (Supplementary Material 1). Malt extract also contains vitamins and growth promoters \[[@bib45]\], which were important for rPOXA 1B production ([Figure 1](#fig1){ref-type="fig"}). Even though, there were no differences in laccase activity between T1 and T3 (statistical group b), nitrogen source selection was performed taking into account the concentration of each of the evaluated nitrogen sources, since nitrogen metabolism is critical for the catabolism and anabolism of proteins, amino acids and other nitrogenous compounds \[[@bib46]\]. T3 contained milk serum as the source of nitrogen, although rich in vitamins and minerals, only 11 % of its composition are proteins (Supplementary Material 2) in comparison with 90 % proteins in isolated soy protein in T1 media (Supplementary Material 3).

Proteins of vegetable origin, such as isolated soy protein (90 %) contain a high percentage of essential amino acids, such as glutamine \[[@bib47], [@bib48]\]. Glutamine is a source of carbon and nitrogen that partially increases the metabolic load caused by recombinant protein production \[[@bib44]\], it increases growth rate, and is a precursor of other amino acids \[[@bib31], [@bib46]\]. In addition, it raises Krebs cycle (TCA) flux, increasing recombinant enzyme yield and productivity between 20 - 26 % and 15--27 %, respectively \[[@bib44]\].

4.2. Response surface methodology (RSM) for low cost culture media design {#sec4.2}
-------------------------------------------------------------------------

### 4.2.1. Central composite Design-1 (CCD-1) {#sec4.2.1}

Starting from the composition of T1, optimization of the concentrations of selected organic nitrogen sources, inorganic nitrogen and glucose began. CCD-1 results ([Figure 2](#fig2){ref-type="fig"}), demonstrated treatment T22 at 72 h of culture achieved an enzyme activity and specific activity higher than that observed for T1 and T3 ([Figure 1](#fig1){ref-type="fig"}), yet similar to control results in low cost nitrogen source selection. Nonetheless, T22 enzyme activities and specific activities decreased at 168 h of culture ([Figure 2](#fig2){ref-type="fig"}), yet they were higher than those observed in T1 and T3 results (Figures [1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}).

Statistical analysis for the four response variables ([Table 5](#tbl5){ref-type="table"}), revealed the quadratic model was significant (p \< 0.05) for enzyme activity and specific enzyme activity at 72 h of culture, whereas at 168 h of culture the linear model was significant instead (p \< 0.05). Nonetheless, lack of fit for response variable: enzyme activity at 72 h was significant at 91 %, therefore this response variable was discarded. Although lack of fit for enzyme activity at 168 h and specific activities at 72 and 168 h were not significant (p \> 0.05), specific activity at 72 h response variable was selected for having the highest R^2^ (0.7740) among all response variables, whose lack of fit was significant at least less than 63 % ([Table 4](#tbl4){ref-type="table"}).

[Table 5](#tbl5){ref-type="table"} shows that an F-value of 2.94 implies the model was significant, and there was only a 3.45 % chance that an F-value this large could occur due to noise. The \"Lack of Fit F-value\" of 1.18 implied the Lack of Fit was not significant relative to pure error and there was a 54.18 % chance that a \"Lack of Fit F-value\" this large could occur due to noise, representing a good signal for the model. On the other hand, \"Adeq Precision\" (7.2192) measures the signal to noise ratio with a desirable ratio greater than 4, indicating that this quadratic model applied at specific activity at 72 h of culture, can be used to navigate the design space.

[Table 6](#tbl6){ref-type="table"} also shows that isolated soy protein (factor B) and B^2^ had a significance between 96 and 99%, whereas factor A (glucose) and factor D ((NH~4~)~2~SO~4~) were significant between 89 and 90%. However, AB interaction was significant between 93 and 95%, while AD, BD and D^2^ were not significant (p \> 0.05). Hence, it was decided to maintain unchanged the values recommended by the software for the factors: C-Malt extract (11.74 g L^−1^) and D-(NH~4~)~2~SO~4~ (4.91 g L^−1^) ([Figure 3](#fig3){ref-type="fig"}), and study in a new design the interaction between factors A and B.

Statistical analyses indicated isolated soy protein was a significant factor (p = 0.0346); thus, an increase in its concentration was proposed. Our results agree with those of other investigations, where use of organic sources increased protein production in comparison with inorganic sources of nitrogen \[[@bib49], [@bib50], [@bib51]\]. Nevertheless, the combination of organic and inorganic nitrogen is a strategy to increase laccase activity \[[@bib52]\], whose effectiveness could be due to nitrogen assimilation. Inorganic nitrogen is easily absorbed, while organic nitrogen supplies cells with growth factors and amino acids for cell metabolism and protein synthesis \[[@bib50]\].

Even though ammonium sulphate did not have an important effect on enzyme activity, it has been reported cell density increases with media supplementation with ammonium ion (NH~4~^+^), as long as it does not exceed 600 mmol L^−1^ \[[@bib53]\], since excess inhibits cell growth \[[@bib31]\].

Additionally, other authors have reported protein expression under the control of the *pGAP* promoter varies according to carbon source \[[@bib4], [@bib45]\]. It has been reported glycerol as a source of carbon results in 30% less production in comparison with glucose \[[@bib4], [@bib13], [@bib44], [@bib54]\]. In contrast, other authors have reported higher levels of expression when glycerol is used as a source of carbon \[[@bib16], [@bib55]\], evidencing that intrinsic characteristics of the protein to be expressed also play a key role.

In this part of the study for rPOXA 1B specific activity glucose was a significant factor (p = 0.1078) between 89 - 90 % ([Table 5](#tbl5){ref-type="table"}), probably as a result of energy demand during microbial growth to synthesize rPOXA 1B, although the cell readjusts its metabolic flow distribution to increase ATP yield, this adjustment is limited \[[@bib44]\].

Moreover, proteins whose expression positively correlate with the glycolytic flux tend to express in the same manner the enzymes that participate in the pathway \[[@bib35]\]; which arises when proteins are expressed under the control of the *pGAP* promoter in the presence of carbon sources that stimulate glycolysis.

For biomass production *P. pastoris* detects the presence of nutrients through multiple signaling pathways \[[@bib45]\]. One of the most important pathways in response to the presence of carbohydrates is the: Ras/PKA (Protein Kinase A, E.C. 2.7.11.11) signaling pathway. Supplementing with glucose activates Ras (a regulator of cell proliferation) that in turn activate synthesis of cAMP and PKA. Protein kinase A acts as a central regulator of metabolism of the cell\'s transcriptional state, carbohydrate storage, factors regulators of stress and ribosomal biogenesis \[[@bib56], [@bib57]\].

In comparison with *S. cerevisiae, P. pastoris* glucose absorption is limited due to the decreased number of hexose transporter genes \[[@bib58]\]. Mattanovich *et al.*, (2009) identified 14 supposed hexose transporters in *P. pastoris*. They found two had low affinity to transport hexose and they were homologous to some *S. cerevisiae* transporters, whereas two other transporters in *P. pastoris* with high affinity for hexose were homologous with some in *Kluyveromyces lactis* \[[@bib59]\]. In contrast, in *S. cerevisiae* 20 *HXT* genes coding for hexose transporters of high and low affinity have been reported \[[@bib60]\], which suggests higher rates of glucose absorption \[[@bib45]\] in comparison with *P. pastoris*.

Regarding *P. pastoris* carbon metabolism it has been reported for recombinant strains Krebs cycle flow (TCA) increases 29 % \[[@bib61]\], and part of the administrated glucose is metabolized through the phosphate pentose pathway (PPP), conclusion reached due to flow relationship analyzes that determine the origin of a specific metabolite \[[@bib61], [@bib62], [@bib63]\]. Although it is not possible to determine with precision the percentage of oxidized glucose through the PPP, it is known an increase in the metabolic flux through the PPP has an influence on the biomass yield and heterologous protein production \[[@bib61], [@bib64]\]. Consequently, one could say that controlled consumption of glucose is a cellular strategy to conserve carbon and electron flow within the cell, which allows yeast to maintain a high rate of division \[[@bib34]\]. Our results are in agreement with those reported by Vellanki *et al.*, (2009), who demonstrated for recombinant protein expression in *P. pastoris,* glucose percentage should be higher than 1 % (w/v), \[[@bib65]\].

It was observed enzyme activity (UL^−1^) and specific activity (Umg^−1^) and the desirability of the model were favoured when isolated soy protein concentration was increased above glucose\'s concentration ([Figure 3](#fig3){ref-type="fig"}), maintaining malt extract at 11.74 gL^-1^ and (NH~4~)~2~SO~4~ at 4.91 gL^-1^; which was determined after 100 optimization cycles navigating through the design surface.

According to the aforementioned, and due to the fact that glucose and isolated soy protein were the only significant factors in the design, it was decided to continue culture media optimization taking into account the model\'s predicted concentrations. Moreover, glucose USP (9.53 gL^-1^) and isolated soy protein (19.25 gL^-1^) were included within the amplified navigation surface in CCD-2, while malt extract and (NH~4~)~2~SO~4~ remained unchanged ([Table 3](#tbl3){ref-type="table"}).

### 4.2.2. Central composite Design-2 (CCD-2) {#sec4.2.2}

CCD-2 T9 treatment surpassed CCD-1 T22 in laccase activity, as well as specific activity at 72 h and 168 h of culture (T9, 6,608.80 ± 62.20 U L^−1^, 775.09 ± 8.75 U mg^−1^ at 72 h), (T9, 8,944.44 ± 330.29 U L^−1^, 965.12 ± 43.08 U mg^−1^ at 168 h), [Figure 4](#fig4){ref-type="fig"}. In [Figure 4](#fig4){ref-type="fig"}, it was observed too a change in slope was observed for enzyme activity and specific activity at 72 h. In addition, none of the response variables decreased, as was observed for CCD-1, suggesting (C/N)~0~ ratio did not influence the result, since relatively higher nitrogen concentrations and lower (C/N)~0~ ratios provide primary and secondary metabolite production \[[@bib34], [@bib66]\].

In this CCD-2 design the quadratic model ([Table 7](#tbl7){ref-type="table"}) was significant for laccase activity (p \< 0.0001) and specific activity (p \< 0.0001), however, R^2^ for specific activity was higher (R^2^ = 0.9504) and lack of fit was not significant (p = 0.1677). Therefore, it was decided to continue statistical analysis with this response variable (Supplementary Material 5). CCD-2 quadratic model\'s F-value of 80.49 implied the model was significant and there was only a 0.01% chance that an F-value this large could be due to noise. In this instace, A, B, AB and B^2^ were significant model terms. On the other hand, a lack of fit F-value of 1.89 implied it was not significant relative to pure error and that there was a 16.77 % chance that an F-value this large could occur due to noise. The Pred R-Squared of 0.9193 was in reasonable agreement with the Adj R-Squared of 0.9386 because differences between them were less than 0.2. An Adeq Precision ratio of 23.496 indicated this model could be used to navigate the design space ([Table 7](#tbl7){ref-type="table"}).

CCD-2 statistical results demonstrated AB interaction was significant (p \< 0.0001), B^2^ was also significant (p = 0.0038), whereas A^2^ was not significant (p \> 0.05). This connoted glucose concertation had to remain at 20 gL^-1^ and isolated soy protein concentration had to be increased to amplify the navigation surface. Thus, a One Factor Design was performed. This higher concentration study would theoretically allow increasing U L^−1^ and U mg^−1^ ([Figure 4](#fig4){ref-type="fig"}).

### 4.2.3. One Factor Experimental design (OFED) {#sec4.2.3}

The study showed there was only a 0.01 % chance an F-value this large could occur due to noise. In this instance, A^2^ and A^3^ were significant model terms. The lack of fit F-value of 2.92 implied that it was not significant relative to pure error, and there was a 20.14 % chance that an F-value this large could occur due to noise.

On the other hand, the Pred R-Squared of 0.9394 was in reasonable agreement with the Adj R-Squared of 0.9654, because difference between them was less than 0.2. Adeq Precision ratio of 21.645 indicated that this cubic model could be used to navigate the design space.

In [Figure 6](#fig6){ref-type="fig"}A it was observed OFED Treatment T4 surpassed CCD-2 T9 laccase activity, as well as specific activity reaching at 168 h an enzyme activity of 12,877.3 ± 481.2 U L^−1^ and 1,243.83 ± 24.1 Umg^−1^ specific activity. Additionally, no change in enzyme activity tendency was observed from 72 h onwards, as was observed for treatment T22 in CCD-1 and CCD-2 for T9, which could be indicating a (C/N)~0~ ratio of 5.4 ± 0.03 favoured rPOXA 1B production.

When comparing residual reducing sugars in CCD-1, CCD-2 and OFED (Figures [3](#fig3){ref-type="fig"} and [5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}A), it was observed between 12 and 24 h most of the sugars were consumed, with an approximate remnant of 5 gL^-1^ until the end of the culture. These results are different from those reported by Palma *et al.*, (2012), who observed a reduction in glucose\'s absorption rate when the media had a nitrogen limitation in *S. cerevisiae* \[[@bib67]\]. However, it is important to call to mind, *P. pastoris* possesses less hexose transporters and it can use glutamine present in isolated soy protein as a carbon source, which could influence *P. pastoris* glucose absorption. Additionally, it is important to consider glucose USP, malt extract (Supplementary Material 1) and isolated soy protein (0.126 g reducing sugars/10 g isolated soy protein, data not shown) have reducing compounds that could interfere with DNS assay used for residual reducing sugar evaluation \[[@bib38]\].

As observed in [Figure 6](#fig6){ref-type="fig"}B, enzyme activity slightly decreased for isolated soy protein concentrations higher than 50 gL^-1^, suggesting under assay conditions media optimization had been reached. Henceforth, final media composition and optimal culture conditions were 20 gL^-1^ glucose USP (ChemiPharma), 50 gL^-1^ isolated soy protein (Ciacomeq SAS), 11.74 gL^-1^ malt extract (Proquímicas JG SAS), 4.91 gL^-1^ (NH~4~)~2~SO~4~ (Merck), 0.161 gL^-1^ CuSO~4~ (Merck), 0.1 gL^-1^ chloramphenicol (SIGMA).

### 4.2.4. Raw material cost analysis {#sec4.2.4}

One of the objectives of this study was to design a low-cost culture media. With the produced OFED media laccase activity increased by 30.54 % in comparison with results obtained from CCD-2 and 75.76 % concerning results obtained from 10 L bioreactor, where previously improved media was used \[[@bib35]\]. Likewise, culture media cost was reduced ([Table 9](#tbl9){ref-type="table"}).

In conclusion, a low cost culture media with a (C/N)~0~ ratio of 5.4 ± 0.03 was optimized that attained an enzyme activity of 12,877.3 ± 481.2 UL^−1^ and 1,324.58 ± 114.19 Umg^−1^ specific activity at 168 h of culture, increasing produced laccase activity in CCD-1 and CCD-2 by 63.16 % and 30.54 %, respectively. Furthermore, results demonstrated that, isolated soy protein, malt extract and glucose USP are low cost substrates that increased *P. pastoris* rPOXA 1B activity at Erlenmeyer flask scale 28.55 fold in comparison with clone assay at Erlenmeyer flask scale \[[@bib15]\]; 9.58 fold in comparison with previously improved media at Erlenmeyer flask scale \[[@bib35]\], and 4.11 fold in comparison with previously improved media evaluated at 10 L bioreactor scale (6L WEV), \[[@bib35]\]. Most important, considerable cost reduction was achieved.
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